We investigate the deep water abundance of Neptune using a simple 2-component (core + envelope) toy model. The free parameters of the model are the total mass of heavy elements in the planet (Z), the mass fraction of Z in the envelope (f env ), and the D/H ratio of the accreted building blocks (D/H build ). We systematically search the allowed parameter space on a grid and constrain it using Neptune's bulk carbon abundance, D/H ratio, and interior structure models. Assuming solar C/O ratio and cometary D/H for the accreted building blocks forming the planet, we can fit all of the constraints if less than ∼ 15% of Z is in the envelope (f median env ∼ 7%), and the rest is locked in a solid core. This model predicts a maximum bulk oxygen abundance in Neptune of 65× solar value. If we assume a C/O of 0.17, corresponding to clathratehydrates building blocks, we predict a maximum oxygen abundance of 200× solar value with a median value of ∼ 140. Thus, both cases lead to an oxygen abundance significantly lower than the preferred value of Cavalié et al. (2017) (∼ 540 × solar), inferred from model dependent deep CO observations. Such high water abundances are excluded by our simple but robust model. We attribute this discrepancy to our imperfect understanding of either the interior structure of Neptune or the chemistry of the primordial protosolar nebula.
INTRODUCTION
Uranus and Neptune are arguably the least understood planets in the solar system. Their formation mechanism (Dodson-Robinson & Bodenheimer 2010; Helled & Bodenheimer 2014; Ali-Dib et al. 2014a) , evolution, and current states are poorly understood due to the sparsity of available data. Among the few chemical elements with constrained abundances in the icy giants' atmopsheres are carbon (through methane observations Baines et al. (1995) ), D/H ratio (measured by Herschel (Feuchtgruber et al. 2013) ), and finally CO (Lellouch, Moreno, & Paubert 2005) . However, these observations can go a long way in revealing the histories of these planets. Since methane has also been constrained in Jupiter and Saturn , its abundance in different planets can be compared and used as a robust tracer of atmospheric metallicity. The D/H ratio on the other hand has a long history of being used as a tracer E-mail: m.alidib@utoronto.ca for the formation temperature of ices (Mousis et al. 2000; Ali-Dib et al. 2015) . This is because water vapors that went through high temperatures phases in the presence of the disk's H2 before re-condensing into ices should have lower D/H ratio than those which did not undergo this heating, due to the chemical reaction:
that favor HDO's transformation into H2O at high temperatures. CO is a trace non equilibrium specie that can form starting from water and methane at high temperatures in the inner envelope, and quickly dissolve back into these elements when transported to the colder outer parts of the atmosphere:
The detection of CO in the ice giants' outer atmospheres hence implies significant vertical mixing between the inner and outer parts of the envelope, and the presence of important amounts of water in the deep interior of the planets. In theory, CO tropospheric abundance can therefore be used to constrain the bulk oxygen abundance, that is not accessible through direct observations due to the cold trap at the tropopause level. In reality, this is however complicated since both a complex chemical model to the multi-stages reaction 2 and assumptions on the efficiency of the atmospheric vertical mixing (Kzz) are needed in order to connect the measured CO abundance to the deep water content of the planet. CO can be observed only if the chemical timescale for its destruction through equation 2 is longer than the vertical mixing timescale. This technique was initially used by (Lodders & Fegley 1994) to constrain the bulk water abundance in Neptune to ∼ 400× solar value. More recently, Cavalié et al. (2017) used IRAM-30m and Herschel/SPIRE observations, with an updated chemical and vertical mixing scheme to constrain Neptune's deep water abundance to a best value of ∼ 540 × solar. They however note the difficulty in reconciling this value with formation and interior structure models.
In this work we use a simple 2-component (solid core + envelope) toy model to fit these observational constraints. We focus exclusively on Neptune, since we only have upper limits on the CO and water abundances in Uranus. The main question we try to answer is What bulk oxygen abundance values are compatible simultaneously with the carbon abundance, D/H ratio, and interior structure models of Neptune ?
THE TOY MODEL
We use a simple toy model that nonetheless captures the main processes at play. We start with a 2-component planet with a solid core and an envelope. It has a total mass fraction of heavy elements (including those locked up in the core in addition to the atmospheric metals) Z and we assume that the solid building blocks that formed the planet have a given D/H ratio value of D/H build . We assume that Z = Zenv + Zcore is distributed between the solid core and the envelope, where the atmospheric heavy elements mass fraction is Zenv and we define fenv = Zenv/(Zenv + Zcore). fenv takes values ranging from 0 if the heavy elements are locked entirely in the solid core, to 1 if there is no solid core at all (planet completely mixed). fenv hence depends on the formation and evolution of the planet, where processes like core erosion and atmospheric enrichment through the dissolution of pebbles during accretion can increase it. Our toy model hence has 3 free parameters: Z, fenv, and D/H build . We vary these parameters on a grid as shown in table 1, and use them to calculate the final atmospheric D/H for the planet:
where D/HH 2 = 2.25 × 10 −5 is the protoplanetary disk's HD/H2 ratio as measured in Jupiter and Saturn's atmospheres (Lellouch et al. 2001) , and xH 2 and xCO are respectively the volumetric (molar number) ratios of H2 and CO defined as:
with MX is the molar mass of X and mX is the total mass of X in the envelope at formation time (so CO in this equation would be the primordially accreted CO, not the non-equilibrium trace CO currently present in Neptune's atmosphere). Note that CO molecule transforming into water following reaction 2 will have the disk's gas D/H value (D/HH 2 ). We start from mwater + mCO = I f × Zenv × mNeptune and C/O = nCO/(nH 2 O + nCO) where C/O is the carbon to oxygen molar ratio, nX = mX /MX , and I f = m env ices,total /(m env ices,total + m env rock ) is the envelope's ice mass fraction. Hence I f = 0.5 in most comets where m ices,total ∼ m rock (Mumma & Charnley 2011) . In this case we are implicitly assuming that only ices are contributing to the atmospheric chemistry, i.e. rocks did not melt during Neptune's formation. Whether these rocks remain suspended in the atmosphere or settle to the core will not affect the gas phase chemistry we are interpreting. We also try a case with I f = 1, hence assuming that both ices and rocks sublimated during formation and hence both contribute to the atmospheric chemistry.
1 For simplicity we are assume that the C/O ratio is similar between the ices and rocks phases (C/Oice = C/O rock = C/O). From these two equations we calculate the total water mass as:
and the total CO mass as:
Finally, we calculate the bulk oxygen and carbon molar abundances with respect to hydrogen (and normalized to the solar values (Asplund et al. 2009 )) as:
and:
Results are presented in Fig. 1 showing the atmospheric D/H of a planet (D/Hp) as a function of the toy model's free parameters. This is for our nominal case with solar C/O = 0.55 and I f = 1 (thus assuming that both rocks and ices vaporize during accretion). D/Hp increases with higher values of Z or fenv since this implies depositing more (D-rich) solids into the envelope. It also increases with D/H build , since this implies a higher Deuterium abundance in the deposited solids. The plot shows that we can fit Neptune's atmospheric D/H ratio for a wide region in parameter space (highlighted in black). The other observational constraints however shrink the allowed space. We can first exclude models with D/H build lower than Earth's VSMOW value (vertical dashed line). This is the same value found in most CI chondrites (associated to the relatively volatiles rich C-type 1 Technically I f = 1 implies that Neptune formed entirely from ices with contribution from rocks, however since we assume similar chemical composition between these two components, setting I f to 1 will have the same effect as assuming that both rocks and ices are vaporized during accretion.
asteroids), and is simultaneously the lowest value measured in a comet (103P/Hartley measured with Herschel ) (Robert 2006; Ali-Dib et al. 2015; Altwegg et al. 2015) . Hence, it is very unlikely that Neptune formed from building blocks with D/H build lower than this value, even if these blocks were rock-dominated. The second constraint to add is the bulk carbon abundance of Neptune. We compare the resulting C/H ratio of the planet to the value measured in Neptune (20 to 60 × solar (Baines et al. 1995; Cavalié et al. 2017) ). Compatible models are shown in red on the plot. While this constraint on its own is not very restrictive, it can be used along with the constraints we have on Z to significantly shrink the allowed parameter space. Regions in Fig.  1 not boxed by the horizontal dashed lines have their total mass of heavy elements Z is outside the range consistent with J2 and J4 measurements and other Voyager data as modeled by Helled et al. (2011) . For these limits, we chose the lowest and highest Z values found by Helled et al. (2011) , including all their consistent models. The lower limit is thus Z found through their "case I" (metallicity linearly increasing toward the center) for a fully SiO2 interior, and the upper limit is the value in their "case II" ("classic 3-layer interior) assuming a fully H2O interior. These two constraints (C/H and Z) together exclude models with fenv higher than 25%. The only parameter space region remaining is thus the red part sandwiched between the 2 horizontal lines in the top left panel of the plot. We now focus exclusively on planets compatible with all of our constraints. First we notice that many of these planets have Z values below 0.88, the minimal value found by Helled et al. (2011) for a pure water ices interior. Moreover, the planets with Z higher than 0.88 all have very low fenv ∼ 0.07, which seem unlikely but cannot be fully excluded. This implies that a significant fraction of Neptune's interior should be rocky, which is expected since comets are on average ∼ 50% rocky by mass (Jessberger, Christoforidis, & Kissel 1988) . In Fig. 2 we plot the distribution of fenv for planets fitting the constraints, and calculate a low median value of ∼ 7%. Interior structure models have long predicted that convection is inefficient in Neptune-mass planets (Podolak, Weizman, & Marley (1995) ; Guillot et al. (1994) , Wilson & Militzer (2012) ; Vazan et al. (2016) ), what might contribute to these low values of fenv. However, for fenv to be this low, accreted solids should additionally not dissolve in the envelope during accretion, what seem at odd with formation models (Podolak, Pollack, & Reynolds 1988) . In Fig. 3 we show the distribution of the predicted water abundance of these planets. The maximal value found by our toy model is around 65 × solar, a factor 8 lower than the best value of Cavalié et al. (2017) . This is however expected since we initially assumed a solar C/O ratio of 0.55 for the accreted solids. Now we relax this assumption to test its effects on the results.
Case: Clathrates
We ran the same calculations as above but assuming that Neptune's building blocks were entirely water clathrates, trapping the other volatiles (in this case CO) (Lunine & Stevenson 1985; Mousis et al. 2010 Mousis et al. , 2014 Mousis et al. , 2016 . In clathrates theory, 5.75 atoms of water are needed to create the cage trapping CO, leading to a C/O ratio ∼ 0.17 for the accreted building blocks. Oxygen abundances for planets fitting all other criteria (D/H, C/H and Z) for this case are shown in Fig. 4 . We notice that even in this extreme case, the oxygen abundance is never higher than ∼ 200 × solar, 2.5 times less than the best value of Cavalié et al. (2017) , with the median value being around 130. The median fenv value for this case is around 20%, higher than the case with solar C/O. This is because more solids are needed to fit the carbon abundance due to the low C/O ratio. These low values for fenv are in contrast with Ali-Dib et al. (2014a) who assumed fully mixed planets (fenv=1). Moreover, Ali-Dib et al. (2014a) predicted C/O=1 for both Uranus and Neptune, while this model assumed C/O of 0.5 and 0.17 a priori. Cavalié et al. (2017) on the other hand found C/O∼ 0.03. A robust, model independent, measurement of C/O and solid core mass in Neptune through a dedicated mission are hence necessary to distinguish between these models.
Case: No rocks contribution
The last parameter we vary is I f , that we set initially to 1. We now set I f = 0.5 hence assuming that only ices will contribute to the atmospheric chemistry of Neptune, that is rocks will not vaporize during accretion. These rocks can settle to the core later during the planet's evolution, but even if they are small enough to stay coupled to the gas in the atmosphere, they will not contribute to its chemistry unless they vaporize which is unlikely to happen under the pressuretemperature conditions of present day Neptune. Results for this case are shown in Fig. 5 . The main difference here is that since the amount of solid material contributing to the atmospheric chemistry is only half of that of our nominal case (since rocks are no longer contributing), the mass fraction of metals in the envelope fenv can be significantly higher than for the nominal case (up to ∼ 33% with a median of 15%). This is because a higher fraction of the available solids need to contribute to the atmospheric chemistry if the total amount of available materials is less. This case however leads to the same oxygen abundance distribution with a median of ∼ 45×solar as our nominal case. The same trends are found in the case with C/O = 0.17 and I f = 0.5.
Sanity check
Since, for all of three cases, no region of the allowed parameter space predicted an oxygen abundance consistent with the findings of Cavalié et al. (2017) , we reverse the problem as a sanity check. We therefore assume a priori an oxygen abundance of 540 × solar, and thus calculate a corresponding Z value of 0.83. This is however the amount of solids needed in the envelope to increase its water abundance to 540 × solar, and hence correspond to the case with fenv = 1 (completely well mixed planet with no central core). However, by looking at Fig. 1 , we find no model in the bottom right panel (where fenv = 1) that fits the carbon abundance of Neptune for this Z value. We make same conclusions as above for the clathrates case. Hence, no region of parameter space in our toy model leads to such extremely high oxygen abundance. This discrepancy can be possibly solved if Neptune's interior structure is significantly different than the models used 
SUMMARY & CONCLUSIONS
We used a simple 2-component (core + envelope) toy model for Neptune to predict its bulk oxygen abundance starting from its measured chemical composition (D/H and C/H ratios), and interior structure models. We then compared it to the recently published values found by Cavalié et al. (2017) from modeling tropospheric CO observations. The model's free parameters are the total mass of heavy elements in the planet Z that we allow to vary from 0.75 to 0.92 as constrained by Helled et al. (2011) , the mass fraction of Z in the envelope (fenv) that we vary between 0 and 1, and the D/H ratio of the accreted building blocks that we vary across the entire range found in comets. We finally try two values for C/O: 0.55 corresponding to the solar case, and 0.17 corresponding to a case where all building blocks are clathrates.
For the solar case, we find a maximal allowed bulk oxygen abundance in Neptune of 65× solar value, while in the clathrates case this can be as high as 200× solar value. Both cases hence give oxygen abundance significantly lower than the best value found by Cavalié et al. (2017) of ∼ 540. Moreover, both cases predict a massive solid core decoupled from envelope, with fenv < 25%. Exoplanets observations have showed that Super Earths to Neptune-mass planets are the most common in the galaxy. A dedicated Uranus & Neptune mission (Arridge et al. 2012 (Arridge et al. , 2014 will hence shed light on not only the history of our solar system, but also the formation of exoplanets. Fig. 1 , but with I f = 0.5, hence assuming that only ices will contribute to the atmospheric chemistry. Since the total amount of solids contributing to the chemistry is now less by half, higher E f values are allowed.
